In large regions of the open ocean, iron is a limiting resource for phytoplankton. The reduction of iron quota and the recycling of internal iron pools are among the diverse strategies that phytoplankton have evolved to allow them to grow under chronically low ambient iron levels. Phytoplankton species also have evolved strategies to cope with sporadic iron supply such as long-term storage of iron in ferritin. In the picophytoplanktonic species Ostreococcus we report evidence from observations both in the field and in laboratory cultures that ferritin and the main ironbinding proteins involved in photosynthesis and nitrate assimilation pathways show opposite diurnal expression patterns, with ferritin being maximally expressed during the night. Biochemical and physiological experiments using a ferritin knock-out line subsequently revealed that this protein plays a central role in the diel regulation of iron uptake and recycling and that this regulation of iron homeostasis is essential for cell survival under iron limitation.
In large regions of the open ocean, iron is a limiting resource for phytoplankton. The reduction of iron quota and the recycling of internal iron pools are among the diverse strategies that phytoplankton have evolved to allow them to grow under chronically low ambient iron levels. Phytoplankton species also have evolved strategies to cope with sporadic iron supply such as long-term storage of iron in ferritin. In the picophytoplanktonic species Ostreococcus we report evidence from observations both in the field and in laboratory cultures that ferritin and the main ironbinding proteins involved in photosynthesis and nitrate assimilation pathways show opposite diurnal expression patterns, with ferritin being maximally expressed during the night. Biochemical and physiological experiments using a ferritin knock-out line subsequently revealed that this protein plays a central role in the diel regulation of iron uptake and recycling and that this regulation of iron homeostasis is essential for cell survival under iron limitation.
ron is a cofactor involved in numerous redox-based biological processes such as DNA synthesis, photosynthesis, nitrogen fixation, mitochondrial respiration, and the detoxification of reactive oxygen species (1) (2) (3) (4) (5) (6) . Although iron is essential for living organisms, it also is highly reactive and toxic via the Fenton reaction (7) . Therefore the homeostasis of iron must be tightly regulated in the cell.
In one-third of the open ocean, iron bioavailability limits phytoplankton growth, as is well illustrated in high-nutrient/lowchlorophyll regions such as the Southern Ocean where a natural continuous iron supply or artificial iron fertilization induces massive phytoplankton blooms (8, 9) . Phytoplanktonic species have evolved several strategies to cope with iron-limited conditions and sporadic iron supply to ensure that iron cellular quotas are optimized. Earlier studies have shown that the uptake rates per unit of cell surface are similar among species with different iron requirements and as a consequence smaller cells with higher surface-to-volume ratios are favored under iron limitation (10, 11) . Acclimation to low iron induces rapid changes in the Photosystem (PS) II-to-PSI ratio and a global remodeling of the photosynthetic machinery (12) , the down-regulation of nitrogen-reducing enzymes such as Fe-dependent nitrate and nitrite reductases, and the upregulation of enzymes involved in nitrogen recycling (13) . In oceanic diatoms, metabolic adaptation to iron limitation involves a decrease of PSI and cytochrome b6/f requirements (14) and the utilization of copper-dependent plastocyanin instead of cytochrome c 6 (15, 16) .
The ability to take up and store iron under high-iron conditions for subsequent use under low-iron conditions represents another strategy that is likely to be successful when iron supply is sporadic. Ferritin, the main iron-storage protein in eukaryotes, has been found in a number of microalgae, including several diatoms and picoeukaryotes (17) . In particular, the ferritin-containing diatom Pseudonitzschia survives iron limitation better than diatoms lacking ferritin (17) . Therefore it was proposed that long-term storage of iron in ferritin is a strategy to cope with variable supplies of bioavailable iron. In the land plant Arabidopsis, however, ferritin is regulated by the circadian clock component time for coffee (TIC), suggesting that its function may be to regulate iron homeostasis during the day/night cycle (18) .
Day/night recycling of iron was evidenced by a proteomic study in the diazotrophic cyanobacterium Crocosphaera watsonii (19) . Although the main iron-binding proteins of PSI and cytochrome b6/f involved in photosynthesis are expressed during the day, the metalloproteins involved in nitrogen fixation are expressed at night, as is consistent with an internal recycling of iron between metalloproteins over the day/night cycle. The occurrence of such diel recycling of iron-binding proteins remains to be determined in nondiazotrophic phytoplanktonic species.
The green alga Ostreococcus (Prasinophyceae, Mamiellales) has a worldwide geographic distribution, with major blooms reported in many locations including the Thau lagoon (20, 21) , the West Neck bay (22) , and the Chilean Upwelling ecosystem (23) . Interestingly, in situ studies have revealed that the two main Ostreococcus clade
Significance
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partitions occur between nutrient-rich coastal waters versus more oligotrophic, open ocean waters (24) . Recently an automated Lagrangian sampling of marine microbial communities revealed strong diel rhythms of gene transcripts in picoplankton dominated by the genus Ostreococcus (25) . These results, in agreement with those conducted on Ostreococcus tauri cultures, identified clusters of genes associated with specific biological processes such as cell division which are expressed at specific times of the day (26, 27) .
In this study, we used O. tauri, a species which has emerged as a model organism thanks to the ease of culture and techniques for functional analyses such as genetic transformation and gene targeting by homologous recombination (28) (29) (30) . We investigated the diel regulation of ferritin and iron-binding proteins in the field and under laboratory conditions. Functional approaches highlighted the importance of ferritin in the regulation of iron homeostasis and for cell survival under iron limitation.
Results
Day/Night and Circadian Regulation of Genes Encoding Iron-Containing Proteins. In an earlier paper (25), we analyzed the expression patterns of genes encoding iron-containing proteins in an environmental dataset collected during day/night cycles in an open ocean environment, which was published earlier. Within the phytoplankton community the genus Ostreococcus was dominant and exhibited robust rhythms of gene expression. Ostreococcus genes encoding the main Fe-S cluster proteins of PSI (PsaC), PSII (PsbE), cytochrome b6/f (subunit IV), ferredoxin, and proteins involved in nitrogen metabolism such as ferredoxin-dependent glutamate synthase (Fd-GOGAT) had similar patterns of expression during day/night cycles. Transcripts peaked in late morning and decreased during the afternoon. Low levels of mRNA persisted throughout the night (Fig. 1A and Fig. S1A ). In contrast the gene encoding the main iron storage protein ferritin had an opposite pattern of expression with a maximum level of transcript around dusk. Similar expression patterns were observed for genes encoding photosynthesis Fe-S proteins and ferritin in cultures of O. tauri grown under day/night conditions ( Fig. S1B) .
The protein levels of the main iron-containing protein (PsaC) and ferritin were determined in O. tauri cultures exposed to day/night cycles. Western blot analysis confirmed a rhythmic expression of PsaC with a maximum protein level in the middle of the day (Fig.  1B) . A ferritin-luciferase (FTN-luc) translational reporter line (corresponding to a random insertion in the genome of the entire ferritin gene fused in frame to luciferase) was used to estimate O. tauri ferritin protein regulation in living cells (Fig. 1C) . Under a day/night cycle, FTN-luc reporter lines showed rhythmic luminescence patterns. The luminescence increased abruptly after dusk and remained high during the night. A rapid drop in luminescence was observed at dawn, followed by a slow decrease until the end of the day. Rhythmic patterns of luminescence of FTN-luc were still observed when cells entrained under a 12-h/12-h day/night cycle were transferred to constant light, i.e., conditions in which FTN-luc is driven only by the circadian clock (Fig. 1D ). The period of oscillation was close to 24 h, indicating that the expression of ferritin is regulated by the circadian clock.
Ferritin in the Regulation of Cellular Iron Content and Uptake. The iron-binding capacity of O. tauri ferritin was investigated using short-term (1-to 3-h) incubations of WT cells and a ΔFtn ferritin knock-out line (30) in the presence of 1 μM 55 Fe(III) citrate in Mf medium. We evidenced iron-binding proteins on blue native gels, using the mild detergent digitonin to avoid iron release from proteins (31). As we previously reported (32) , this is a convenient method for studying iron-containing proteins, even if we cannot rule out the possibility that some iron-containing proteins other than ferritin may be destabilized in the presence of digitonin. Autoradiography of radiolabeled proteins revealed a major band around 480 kDa in WT cells which was not detected in ΔFtn cells, suggesting that this band corresponds to a functional ferritin complex ( Fig. 2A) .
The cellular content of 55 Fe was 2.5-fold higher in WT than in ΔFtn cells after 120 min of incubation with 1 μM 55 Fe(III) EDTA, indicating that the ferritin complex contributes significantly to cellular iron content (Fig. 2B ). The iron uptake rate (ρ Fe ) from Fe(III) EDTA was about 0.42 fmol/min per 10 6 cells in WT cells, versus 0.18 fmol/·min per 10 6 cells in ΔFtn cells. The regulation of ferritin synthesis in response to extracellular iron was determined by using luciferase reporter lines in two different genetic backgrounds (Fig. 2C) ; FTN-luc (WT-FTN), described above, and FTN-luc (ΔFtn), a line in which the luciferase is fused in frame to ferritin (24 kDa) at the native locus giving rise to a 90-kDa protein (30) . A radiolabeled band at the expected size for the ferritin complex (480 kDa) was observed in WT but not in ΔFtn cells grown in the presence of 1 μM 55 Fe(III) citrate. This result confirmed that the FTN-luc (ΔFtn) line lacks a functional ferritin complex but that the FTN-luc fusion protein did not prevent the formation of a functional ferritin complex in the FTN-luc (WT-FTN) line. Fig. 2D shows the luminescence levels of the two FTN-Luc reporter lines in response to changes in extracellular iron concentration. To buffer iron in the culture medium, it was provided as Fe(III) EDTA (33) . Cells were first acclimated in Aquil medium containing a concentration of 270 nM Fe(III) EDTA (at lower concentrations the growth rate decreased progressively, reaching nearly 0 for concentrations below 54 nM). Cells then were transferred to medium containing various concentrations of Fe(III) EDTA. In FTN-luc (WT-FTN) and FTNluc (ΔFtn) cells, no variation of luminescence was observed when the total Fe concentration was decreased below 270 nM. These results suggest that ferritin expression is not induced or repressed in response to iron limitation. Ferritin in the Day/Night Regulation of Iron Uptake. The results presented in Fig. 2 show that ferritin plays a role in iron uptake. Furthermore the ρ Fe varies throughout the day/night cycle (33) . Because ferritin gene expression is regulated by the day/night cycle ( Fig. 1) , we measured the ρ Fe of the ΔFtn versus the WT line at different times of the day/night cycle in exponentially growing cells (about one division/d) in Fe(III) citrate Mf medium.
Iron uptake kinetics (15 min long) were performed every 3 h over a 12-h/12-h day/night cycle ( Fig. 3A) . WT cells displayed two main peaks in ρ Fe , one at the end of the day (8 fmol/min per 10 6 cells) and one at the end of the night (12 fmol/min per 10 6 cells), as previously described (33) . ΔFtn cells showed drastically reduced ρ Fe with maximal rates of 2.2 and 4 pmol/min per 10 6 cells, corresponding to 2.1-to 2.6-fold reductions compared with WT maximal peaks of ρ Fe at 9 and 21 h, respectively (Fig. 3A) .
The kinetics of ferritin iron loading was assessed in the same conditions (Fig. 3B) . WT cells were incubated with 55 Fe beginning at either dawn or dusk (Fig. 3B) . When iron was provided at dawn, incorporation of 55 Fe into ferritin increased progressively from 3 h after dawn until the end of the day. On the other hand, when iron was supplied at dusk, ferritin loading was continuous during the night. In addition, the relative rate of incorporation of 55 Fe was twofold higher during the night than during the day. 
99% of the soluble radioactive iron was depleted from the medium after 6 d (Fig. S2) .We analyzed the fate of iron (total cellular iron, iron bound to ferritin, and iron associated to other proteins) over one day/night cycle (Fig. 4) . Analysis on nondenaturing gels revealed that ferritin (around 480 kDa) was the most prominently labeled protein (Fig. 4A) . Ferritin labeling was maximal at dawn and decreased sharply until midday before increasing progressively again until dusk and increasing more markedly during the night until dawn (Fig. 4A) . Although the total cellular iron per milligram of protein did not change over the day/night cycle, strong variations were observed in the levels of the 55 Fe-radiolabeled ferritin band, with a more than 10-fold difference between the highest and lowest levels (Fig. 4B) . With longer times of autoradiography, several bands also were detected at lower molecular weight (Fig. 4A, Bottom) . Proteins from these bands were analyzed by electrospray ionization tandem mass spectroscopy (ESI-MS/MS), which revealed several proteins involved in nitrate metabolism (Table S1 ). Best Mascot score for band 2 (around 150 kDa) was attributed to Fd-GOGAT with 58 unique peptides. Around 100 kDa the plastid-targeted nitrite reductase (NiR) was the first putative iron-binding Fe-S protein (fourth Mascot score, 42 unique peptides). Nitrate reductase (NR) was the first putative iron-binding protein identified, at around 350 kDa in band 1 (19 unique peptides, 22nd Mascot score), and the radiolabeled band at 350 kDa was not detected in a nitrate reductase (ΔNR) knock-out line (Fig. 4C ). All these protein bands (except NR), showed a day/night variation in their iron content (Fig. 4D) . The amount of iron associated with NiR and Fd-GOGAT was higher during the day than during the night. multiple t-test using Holm-Sidak method; α = 0.5%) (Fig. 5) . The addition of DFOB to final concentrations of 2 μM compromised cell survival to a much larger extent in ΔFtn than in WT cells, with the abundance of cells lacking ferritin reaching only 35% of cell abundance in WT cultures (P < 0.0001).
The same experiment was performed under constant light after an initial entrainment under 12-h/12-h light/dark cycles. In these circadian conditions the synthesis of ferritin was driven only by the circadian clock (Fig. 2) . Cell survival was 50% lower in ΔFtn than in WT cells (P < 0.001) at concentrations of 1.5 μM DFOB and was 60% lower at concentrations of 2 μM (P < 0.0001).
DFOB was added at dawn or dusk to cells that were previously loaded with 55 Fe for 1 wk, as described above (Fig. 4A) . When DFOB was added at dawn, ferritin 55 Fe labeling decreased sharply after 1 h to reach undetectable levels in less than 6 h (Fig. S3) . In contrast, ferritin 55 Fe labeling remained fairly constant when DFOB was added at dusk. These results suggest that when the external supply of iron is inhibited by DFOB, release of iron from ferritin is during the day and during the night, in agreement with the results presented above (Fig. 4); i.e., iron can be released from ferritin rapidly during the day but not during the night. Monitoring the levels of the Fe-S protein PsaC in ΔFtn cells revealed day/night rhythms similar to those in WT cells (Fig.  1C and Fig. S4 ), indicating that the turnover of the PsaC protein occurs even in the absence of ferritin and raising the question whether ferritin could be used at night to store iron released from proteins such as PsaC or NiR. To test this hypothesis, we performed the experiment described in Fig. 5 , at lower light intensities (20 μmol quanta.cm −2 ·s −1 vs. 100 μmol quanta.cm −2 ·s −1 ). Under these conditions, where light stress is reduced, no significant differences in cell survival were observed between WT and ΔFtn cells (Fig. S5) .
Discussion
Ferritin in the Day/Night Regulation of Iron Homeostasis. Both in situ metatranscriptomic data and RNA microarray culture studies indicate that in the genus Ostreococcus ferritin gene expression is regulated by the day/night cycle with transcription peaking at the end of the day. The profile of the FTN-luc translational reporter further suggests that the ferritin protein is translated during the night and is degraded soon after the dark/light transition. In cultures of iron-limited cells, iron binding to ferritin also decreases dramatically after dawn. Comparison of FTN-luc levels and iron binding to ferritin suggests that the low level of ironlabeled ferritin after dawn may result from a light-dependent degradation of ferritin that ultimately results in lower amounts of the ferritin complex per cell. Maximal iron binding to ferritin, in contrast, is observed a few hours before dawn, that is, after a sustained synthesis of ferritin during the night as inferred from the FTN-luc reporter. In other words, our results suggest that transcriptional, translational, and light-dependent regulation of ferritin contributes strongly to the level of ferritin and ultimately of intracellular iron storage in the ferritin complex. This key role of ferritin in the regulation of iron homeostasis is well illustrated by the fact two-to threefold reduced iron cell content and reduced ρ Fe displayed by ΔFtn cells compared with WT cells (Fig. 2) .
In exponentially growing cells of O. tauri, iron uptake is regulated by the day/night cycle with maximal ρ Fe before dawn and dusk. Under the same conditions, iron binding to ferritin increases progressively from midday to dusk and increases markedly throughout the night, suggesting that the variations in iron loading of ferritin do not result only from differential iron uptake over the day/night cycle. Internal ferritin-dependent recycling of iron also may operate during the exponential phase. In support of this hypothesis, the genes encoding ferritin and most other iron-binding proteins are regulated under a day/night cycle in exponentially growing cell cultures (Fig. 1) .
ΔFtn cells display two-to threefold lower ρ Fe . A biphasic profile with maximal ρ Fe before dawn and dusk was observed, albeit with a reduced amplitude in ΔFtn cells, suggesting that ferritin itself is not the primary component in the diel regulation of iron uptake. The lower ρ Fe and ultimately lower iron content is most likely related to a perturbation of iron homeostasis in ΔFtn cells. Data are shown as mean ± SD (n = 4). Significant differences in cell abundances between WT and ΔFtn cells were determined by the multiple t-test using the HolmSidak method, α = 0.5% (**P < 0.01; ***P < 0.001; ****P < 0.0001).
Significance of the Ferritin-Dependent Diel Recycling of Iron. In stationary growth-phase cells that were preloaded with iron, 24-h cycles of iron loading and unloading of ferritin were observed, with maximum iron loading at night. A possible explanation is that ferritin acts as a diel storage for nighttime-acquired iron that then can be used to populate PSI and other day-expressed iron-binding proteins such as NR or NiR. The preferential uptake at dusk and during the night supports this hypothesis in exponentially growing cells. However, cycles of ferritin iron loading/unloading were observed in nondividing stationary-phase cells that already had taken up more than 99% of the extracellular iron and for which total protein iron remained constant during the time course of our experiments (Fig. 4) . These cycles thus are more likely to arise from intracellular iron recycling than from differential uptake of iron over the day/night cycle. Under the same conditions, the main ironbinding proteins identified are involved in nitrogen reduction, among which the Fe-S cluster proteins NiR and GOGAT are expressed during the day. Other iron-rich proteins such as PsaC, cytochrome b6/f, and ferredoxin were not detected on blue native gels. The use of the detergent digitonin may have destabilized some metalloproteins, resulting in the loss of 55 Fe, possibly explaining why some well-known iron-binding proteins were not detected by autoradiography in our experiments. It also is possible that some native high-molecular-weight protein complexes, such as those of PSI or the respiratory chain, were not resolved during the electrophoresis process. A more complete analysis of iron proteins would require the use of emerging metalloproteomic methods such as native multidimensional chromatography (35) . The PsaC protein, however, also exhibited 24-h rhythms of expression with maximum levels during the day. Taken together, these data suggest that some of the iron contained in PSI and nitrogen-reducing enzymes during the day is transferred and stored in ferritin at night. At dawn, iron is released from ferritin and becomes available to the iron-containing proteins of PSI and nitrogen metabolism during the day. Interestingly, such a mechanism of iron conservation operates in the diazotrophic cyanobacterium Crocosphaera watsonii, and it has been proposed that iron is transferred from PSI proteins during the day to nitrogen fixation (Nif) proteins involved in nitrogen reduction at night (19) .
The importance of ferritin-dependent recycling of intracellular iron is highlighted in cells grown in the presence of the extracellular chelator of iron DFOB, which prevents iron uptake from the extracellular medium. In this condition, cell survival is more severely compromised in ΔFtn cells than in WT cells. In mutant cells, day/night regulation of some iron-binding proteins still occurs, as shown for PsaC. Iron released by the degradation of proteins such as PsaC may accumulate as unbound iron, leading to increased mortality because of the high toxicity of iron (through the Fenton reaction). Another explanation is that, in cells lacking ferritin, (i) iron uptake is reduced and (ii) iron efflux is activated during day/night recycling of iron. In support of this hypothesis, it was reported that in a ferritin triple mutant of the plant Arabidopsis there is a massive accumulation of iron in the apoplastic space, suggesting that in the absence of iron buffering cells activate iron efflux and/or repress iron influx to limit the amount of free iron in the cell (36) . Because O. tauri is unicellular, it is possible that in ΔFtn cells at dusk iron is exported outside the cell, where it would be bound either to the plasma membrane (34) or to exopolysaccharides (37, 38) , thus remaining bioavailable for later uptake before dawn and dusk. In the presence of DFOB, extracellular iron would be irreversibly chelated and therefore would be unavailable to the cells. Overall our results suggest that the main function of ferritin in O. tauri is not so much the long-term storage of iron as the temporal storage of iron over the day/night cycle. Such a mechanism would be efficient for repairing and recycling damaged/oxidized ironbinding proteins while keeping the intracellular stock of iron intact for the following day. It has been proposed in pennate diatoms that long-term storage of iron in ferritin is a strategy for coping with sporadic iron supply (17) . If ferritin is involved in the day/night regulation of iron recycling in these microalgae, as it is in O. tauri, then the day pool of iron-binding proteins (e.g., PSI proteins) should be sufficient to store transiently during the day the iron released from ferritin at dawn. It would be interesting to test this hypothesis experimentally.
Together our results suggest that in stationary-phase cells that do not take up extracellular iron, some internal iron bound to iron-rich proteins such as PSI proteins and NiR is released at the end of the day and transferred to ferritin. The biological significance of such iron recycling remains puzzling. A possible explanation is that upon the turnover of iron-binding proteins (e.g., in response to photodamage at the end of the day), the released iron is stored in ferritin until the proteins are synthesized de novo during the next day. In support of this hypothesis, we observed no difference between WT and ΔFtn cell survival under low light, and it was reported that in the green alga Chlamydomonas the ferritin knock-down lines are more sensitive to photo-oxidation (39, 40) . Day/night recycling of iron would be particularly important in iron-limited cells that are exposed to oxidative stress.
In summary, our results in O. tauri highlight the central role of ferritin in regulating several aspects of iron homeostasis (1). Ferritin is regulated by the day/night cycle under circadian clock control (2) . Ferritin regulates the amplitude of iron uptake (iron which could be acquired during the night for chemical or ecological reasons that remain to be determined) (3) . In cells that do not take up extracellular iron, cycles of ferritin iron loading and unloading may be used to store transiently the iron released from degraded iron-binding protein at night. Such storage would preserve the internal pool of iron for subsequent use the next day.
Methods
Algal Strains and Cell Culture Media. The construction of the ferritin knock-out (ΔFtn), FTN-Luc knock-in translational reporters (WT and KO background), and NR knock-out (ΔNR) cells has been described elsewhere (30) . Cells were grown at 20°C under a 12-h/12-h light/dark regime or under constant light for monitoring circadian expression unless otherwise stated.
Different culture media were used depending on the experiment. When a precise control of the iron concentration and speciation were required, we used AQUIL medium (41, 42) with 100 μM EDTA. Different final concentrations of total iron were obtained by adding different amounts of Fe(III) EDTA complex. For all other experiments such as short-term Fe(III) uptake rate measurements and identification of iron-loaded proteins in onedimensional gels, we used an EDTA-free medium (Mf) (34) containing Fe(III) citrate (1:20) at a final concentration of 1 μM. The higher uptake rates of iron by cells in this medium, compared with AQUIL medium, allow enough radioactive 55 Fe to accumulate within the cells after short-term incubation to be detected by scintillation counting or autoradiography (Fig. S6A) . The drawback of using Fe(III) citrate in a culture medium is that iron can precipitate rapidly. However, we have demonstrated that more 90% of 1 μM Fe(III) citrate is still present as soluble species 1 h after the addition of the complex to the medium (Fig. S6B) . Because there is no consensus in the literature on the affinity constants for the different Fe(III) citrate complexes, we did not attempt to calculate the speciation of Fe(III) citrate precisely (43) .
Iron Uptake Assays. Iron uptake assays were performed with concentrated cell suspensions (50-100 × 10 7 cells/mL) incubated in the Mf medium described above. 55 Fe (29,600 MBq/mg) was added as Fe(III) citrate at a final concentration of 1 μM. The cells were collected at intervals and were washed by centrifugation with an oxalate/EDTA mixture as described in ref. 4) . The iron content of the cells was determined by scintillation counting after photosynthetic pigments were bleached with sodium hypochlorite.
Electrophoresis and Identification of Iron-Binding Proteins. Cells grown in Mf medium with radiolabeled 55 Fe(III) citrate (1 μM) were disrupted by sonication on ice. Proteins were solubilized with 0.5% digitonin and resolved in a blue native PAGE using the Novex Native PAGE Bis-Tris Gel 3-12% System (Invitrogen) according to the manufacturer's protocol. The gels were vacuum dried and autoradiographed for 2-10 d using a Typhoon Trio PhosphorImager (Amersham). The 55 Fe signals were quantified using ImageJ
